Textile wastewaters are rated as one of the most polluting in all industrial sectors, and membrane separation is the most promising technology for their treatment and reuse of auxiliary chemicals. This study evaluates the performance of three types of tubular ceramic ultrafiltration membranes differing by mean pore size (1, 2 and 500 kDa) treating textile mercerization wastewater from a textile mill at different operating conditions: cross-flow velocity (CFV) and temperature. Acceptable results were obtained with 1 kDa ceramic membrane, with rejection efficiencies 92% for suspended solids, 98% for turbidity, 98% for color and 53% for total organic carbon at 20°C and 3 m s −1 CFV. Highest fouling effect was observed for 500 kDa membrane and lowest CFV. According to the observed results, 1 kDa membrane could be used for the treatment of wastewater from the textile mercerization process in terms of permeate quality.
Introduction
Textile wastewater is considered as one of the most polluted in all industrial sectors. [1] Reuse of the chemicals and water from industrial processes due to more stringent regulations and to improve the resource efficiency of today's society has become very important. [2] [3] [4] [5] [6] [7] Textile industry processes consist of several stages: mercerization, bleaching and dyeing. These activities use from 5 to 40 times higher quantities of water than fiber weight and consequently generate large volumes of wastewater. [7] Mercerization is the first stage of textile treatment, which includes the treatment of textile with highly caustic alkaline solution of sodium hydroxide and auxiliary chemicals. Mercerization process improves textile fiber strength and dye efficiency by rearranging the cellulose molecules in the fibers. [8] First, the cotton is immersed in 25% sodium hydroxide and 3-4% of wetting agent solution (anionic and nonionic surfactants) for textile during a certain period of time, and then it is washed with hot and cold water before final drying. After washing cotton, highly alkaline wastewater effluents occur which contain sodium hydroxide, surfactants and suspended solids. Alkaline solutions and surfactants can be used again in the mercerization process if suspended solids are removed using ultrafiltration (UF) process as the appropriate treatment method. [9] Membrane technologies have been widely recognized as an adequate option for wastewater treatment and reclamation because it can selectively remove contaminants from wastewater. [3, 6, [10] [11] [12] Today, polymeric membranes are the most commercially used, [1] but ceramic membranes have higher thermal, chemical and mechanical stability compared to polymeric membranes. [1, 6, 11, [13] [14] [15] Since wastewater from the mercerization process has high temperature and it is extremely alkaline, ceramic membranes could be the appropriate choice for its treatment. Ceramic membranes also show extended lifetime than polymeric membranes, but are considered more expensive, [16] although their cost has been continuously reduced over the last years. [1] The main drawback of the ceramic membranes is the membrane fouling by organic, inorganic or biological material that causes a decrease in membrane performance and operational costs due to energy consumption and maintenance. [2, 13, 14] The fouling phenomenon is very complex, hard to predict and depends on feed water quality and interaction between the membrane material and retained matter. [11] Nevertheless, in the literature there are not many papers that involve the treatment of mercerization wastewater with ceramic membranes.
The aim of this study is the application of ceramic membranes for the treatment of mercerization wastewater in terms of the permeate quality. The effect of the operating conditions such as temperature and cross-flow velocity (CFV) on membrane fouling and normalized flux decline for three ceramic membranes of different molecular weight cut-off (MWCO) was investigated. Overall evaluation of the performance of tubular ceramic membranes for mercerization wastewater treatment will also include detailed monitoring of reached permeate quality.
Materials and methods

Characteristics of wastewater
The textile wastewater samples for the experiments in this work were supplied by a textile industry from Zagreb (Unitas Co.), Croatia, where mercerizing, dyeing and finishing activities were conducted. During the mercerization process, textile was immersed in 25% sodium hydroxide solution and 1-2% of wetting agent. After mercerization, textile was rinsed with hot water and cold rinse water of 80°C and 18-20°C, respectively. The wastewater from washing after the mercerizing process was collected and used for UF treatment. Process performance was evaluated by the determination of the effect of the following parameters: pH, alkalinity, conductivity, total suspended solids (TSS), total dissolved solids (TDS), turbidity, total organic carbon (TOC) and color. The characteristics of mercerization wastewater used in this study are presented in Table 2 .
Experiments were conducted with raw mercerization wastewater samples without any correction or addition, which contained approximately 1.4% of sodium hydroxide, high concentration of TSS (100 mg L −1 ) and TOC (499.2 mg L
−1
). Cellulose fibers and surfactants from the wetting agent are considered to be the main source of suspended solids and organic components.
Chemical cleaning of membranes was done with technical grade NaOH, HNO 3 , NaOCl and analytical grade H 2 O 2 (Kemika, Zagreb).
Analytical methods
Alkalinity was determined according to Standard Methods 2320 B titration method. Conductivity measurements were made by a Knick Portamess conductometer and pH values were determined using a pH-meter (Mettler Toledo). Concentration of dissolved organic compounds was measured using a TOC analyzer (SHI-MADZU TOC-V CPH ) using the non-purgeable organic carbon method. TDS and TSS values were determined gravimetrically according to the Standard Methods 2540 C and 2540 D, respectively. Turbidity was measured using a HACH turbidimeter 2100 AN. Temperature was determined using a Pt-100 temperature transducer (MA TERM MWT 410) and a laboratory Pt-100 sensor. Color was measured using HACH DR4000U spectrophotometer according to the ASTM D1209 method.
Membrane modules
UF experiments were conducted using three commercially available UF ceramic membrane modules supplied from LIKUID (Likuid Nanotek S.L., Spain) characterized by different MWCO: 500, 2 and 1 kDa. The 500 kDa membrane is composite multichannel type with a titanium oxide, alumina oxide and zirconium oxide active layer, and an alumina oxide supporting layer. 2 and 1 kDa membranes are multichannel type with a zirconium oxide active layer and an alumina oxide supporting layer. All membrane modules have dimensions of 200 mm length, external diameter of 25 mm and channel diameter of 3.5 mm. The membrane modules are composed of 19 inside-out channels with a total membrane surface of 0.0418 m 2 and placed in a stainless steel housing. Technical characteristics of the membranes used in the study are summarized in Table 1 . Membrane permeability to pure water was measured experimentally at 20°C for each membrane module using deionized water (DW) at the CFV of 3 m s −1 . Membrane permeability was obtained following Darcy's law:
where L w represents the permeability of the membrane.
UF membrane unit
UF experiments were performed in a laboratory set-up shown in Figure 1 . It is a cross-flow membrane system consisting of two tanks containing the feed and cleaning solutions, a centrifugal pump (WILO WJ-202-x-EM/B), to 
and it was adjusted using the valve at the retentate outlet. Pressure and temperature data were collected every 5 s using data acquisition software. Permeate flow rate was determined gravimetrically using an analytical balance (Mettler PM 6000) and cumulative mass of permeate was recorded in a computer every 5 s via RS-232 connection. Water permeate flux was calculated using the following equation:
where
is the active membrane surface and t (h) is the filtration time. Volume flow was calculated based on the value of mass for a given time and after the density correction had been made. 
Experimental procedures
Effluents from the textile factory were first pre-filtered through cartridge filters (10 µm) to remove the larger particles and suspended solids from the mercerization wastewater to avoid membrane fouling and module damage. Pre-filtered wastewater was filled into the 125 L feed tank, and treated using three ceramic membrane modules with different MWCO: 1, 2 and 500 kDa. Separation experiments were conducted in the cross-flow separation mode with complete retentate recycling and continuous removal of the permeate stream. Experiments were conducted for two initial permeate fluxes and at two different temperatures (20 ± 1°C and 50 ± 1°C
). The CFV for 500 kDa membrane was 1, 2, 3 and 4 m s −1 , for 2 kDa membrane 3 m s −1 and for 1 kDa membrane 1, 2 and 3 m s −1 by adjusting the inlet stream flow rate. Mercerization wastewater was heated to 50°C, simulating the real conditions of the raw wastewater at the textile factory. Temperature of the feed mercerization wastewater was adjusted with a spiral heat exchanger which was regulated with a thermostatic bath (Lambda) and controlled by Pt-100 sensors. The temperature was kept constant during the experiments. Each experiment commenced by the determination of the pure permeability to DW measuring water permeate flux (J W ) at different TMPs for adequate CFV and temperature.
Mercerization wastewater normalized flux (J P ) was determined by measuring permeate flux (J W ) at different TMPs for adequate CFV and temperature. Subsequent to each performed separation test, membranes were rinsed with DW to determine the flux recovery. Rinsing process with DW was not sufficient to reach the initial normalized flux and only the reversible fouling was removed. To achieve a complete recovery of the normalized flux, a severe chemical cleaning in place (CIP) was conducted. The membrane was subjected to alkaline cleaning using 1% NaOH solution by circulating it through the system with the permeate valve off for 30 min. The membrane was washed with DW and then cleaned with 0.05% NaOCl solution during 30 min by recirculating through the system in the regular direction with the permeate valve on/off. The membrane was soaked in NaOCl solution for 1 h and then rinsed with DW until neutrality. Permeate normalized flux was measured and compared to the initial value. If necessary, the membrane was cleaned again until the nearly initial normalized flux was restored for the next experiment. In some cases after cleaning with NaOCl solution, 1% H 2 O 2 solution was used. Every CIP step was conducted at temperature of 50-60°C and at tangential velocity of 3 m s −1 . Satisfactory flux recovery results were accomplished only when NaOCl solution was used. Separation experiments using mercerization wastewater were carried out for 30 min for each run and permeate samples were collected from feed and permeate streams for later characterization. For the collected samples pH, conductivity, TSS, TDS, TOC, turbidity, color and alkalinity were analyzed.
Energy consumption
Energy consumption in tangential UF involves the energy required for retentate recirculation and for permeate flow. According to Equation (4), the calculation result is expressed by the total energy consumption (E TF ) in kWh per cubic meter of produced permeate:
where Q CF and Q P are the feeding and the permeate flow rate (m 3 s
), η F is the feed pump yield, Δp F (Pa) is the pressure drop through membrane and TMP (Pa) is the transmembrane pressure. For the calculation carried out in this study, the pump yield is equal to 0.75. Calculated energy consumption corresponds to the energy consumption of the feed pump.
Results and discussion
Membrane characterization
The water flux increases with increasing TMP, and the slope of the straight line obtained by plotting the pure water flux versus TMP corresponds to initial pure water membrane permeability (L W ) according to Darcy's law (Equation (3)).
Normalized flux is an important factor to be considered during the UF process. Prior to the separation experiments of the mercerization wastewater, membrane permeability to DW was determined by recording the permeate flux versus TMP diagram using 1, 2 and 500 kDa ceramic membranes and plotting as shown in Figure 2 . As it was expected, the given results fit well with Darcy's law, and the slope corresponds to the permeability. For mercerization wastewater, water fluxes as a function of applied pressure are represented in Figure 2 . As a result of higher total resistance and viscosity of the mercerization wastewater, the pure water flux was higher compared to that of mercerization wastewater when the same membrane was used, [8] and it was 41.9 L m −2 h Figure 3 represents the UF test sample for 500 kDa membrane. Figure 4 illustrates the evolution of normalized flux (J P /J P0 ) at the CFV of 3 m s −1 and temperature 20°C during 30 min of mercerization wastewater UF with tested ceramic membranes. It is observed that the normalized fluxes slightly decline for all three tested membranes after 30 min. Approximately, an equally small normalized flux decrease was observed for 1 and 2 kDa membranes, while 500 kDa membrane showed a higher flux decline. This low membrane fouling phenomenon for 1 and 2 kDa membranes was probably the result of a favorable relationship between CFV, pore size and rejected matter. As reported, [17] particles rejected by small pore size membranes could roll off under the forces generated by cross-flow, therefore, not causing membrane blockage. In the case of 500 kDa membrane, flux decline is most probably the result of particles migration through the pores, subsequent adsorption causing enhanced pore blockage or plugging. [1, 10] Comparison of permeates quality for each ceramic membrane for the most important parameters is given in Table 2 . As it was expected, the highest TSS and turbidity removal was achieved with 1 kDa membrane and it was 91.1% and 98.15%, respectively. TOC removal was 53.90% and alkalinity was the lowest for 1 kDa membrane permeate. From the literature, it is known that cellulose is soluble in concentrated strong alkali solutions, such as sodium hydroxide, at low temperatures. The aqueous alkali systems do not completely disrupt the crystalline structure of the cellulose and the solubility is limited to cellulose with low degree of polymerization. [18] It is assumed that the remaining organic compounds in the 1 kDa permeate refer to surfactants from the wetting agent and dissolved cellulose molecules. According to the expectations, pH value, TDS and conductivity levels were approximately the same for 1 and 2 kDa membrane permeate because the membrane pores are too large to maintain the reflected dissolved constituents such as sodium hydroxide and surfactants.
Effect of the MWCO
According to the results given in Table 1 , it was decided to continue research not only with 500 and 1 kDa as separate membranes, but also with both membranes in the series mode.
Effect of operating conditions
In order to select an adequate membrane for the mercerization wastewater treatment, membrane performance was investigated for 500 and 1 kDa membranes at . Figure 5 illustrates the normalized flux as the function of time for 500 and 1 kDa As could be observed by comparing Figures 5-7 , lower initial fluxes caused general slowdown of the fouling process regardless of the applied CFV. Assuredly, intensity of cross-flow had the same impact as observed at a higher initial flux. It is worth noting that the normalized flux decrease for 1 kDa membrane was within 2.3-3.5% depending on applied CFVs.
Fouling tendency of ceramic membrane could be controlled by either CFV, adequate MWCO and by limiting operational flux. [1, 2, 19] In addition to separate autonomous use of 500 and 1 kDa membranes, this research includes the use of membranes in a series mode. This means that the 500 kDa membrane was employed as the pretreatment step to the 1 kDa membrane separation. Table 3 gives the normalized flux decrease at the beginning and end of the separation cycle of 1 kDa membrane separating raw mercerization wastewater and 500 kDa permeate at 20°C and CFV of 3 m s −1 .
Although using 500 kDa membrane permeate slightly reduces fouling intensity on 1 kDa membrane, it is hard to expect that this gain could justify the additional filtration step as a pretreatment.
The influence of CFV as an operating condition on TSS removal is presented in Figure 8 .
Although insignificant, some influence of CFV on TSS rejection is noticeable, at least for 1 and 500 kDa membranes. Intensified cross-flow reduces TSS rejection for 1 kDa, whilst it increases TSS rejection for 500 kDa membrane. In both cases the change is not very important.
Effect of temperature
The influence of temperature on the normalized flux at the same initial flow rate and CFV was investigated for both membranes at 20°C and 50°C. Prior to the separation experiments, the initial membrane and The evolution of the normalized flux for both membranes is represented in Figure 9 . Increase in temperature caused a slight acceleration of the fouling process for both membranes. This phenomenon is most probably the consequence of viscosity drop due to temperature change and as a result of better diffusion of particles into the membrane pores. [20] Additionally, reduced viscosity will lessen drag force and the capability to detach adsorbed particles.
Besides fouling of membranes, it is interesting to observe the effect of temperature on the rejection values of relevant parameters for both membranes. In Table 1 water quality of permeate at both temperatures is given. It could be observed that an increase in temperature generally slightly reduces the rejection of TSS, TOC and color. This decline in rejection is within range of 0.5-3%.
Flux recovery
Since membrane fouling is considered to be the main constraint for widespread membrane use, this paper includes a detailed study of flux recovery. Table 4 gives the operational data explaining fouling progress and removal for each CFV at different operational load cases during the tests.
Every presented separation test was organized in the same way, starting with a check of normalized flux with DW at a specific CFV for three different TMPs. All separation tests lasted 30 min and were conducted with controlled operating conditions. At the end of each run, the membrane was flushed with DW for 18 s at tangential velocity of 3 m s −1
. Prior to further chemical cleaning, the normalized flux was measured with DW to determine chemically reversible fouling. [10] The CIP procedure was determined according to the literature [17, [21] [22] [23] [24] and some preliminary trial-and-error tests with different chemical agents, concentrations and temperatures. After the CIP process, normalized flux with DW was observed again and any remaining membrane blockage was considered as chemically irreversible fouling. It could be explained by the residual or permanent fouling formed on the fresh membrane surface through strong adsorption and inter-bonding of the attached macromolecules which prevent the cleaning mechanism from being effective. The layer of adsorbed molecules may have also undergone conformational changes, resulting in a tighter structured layer which could withstand chemical cleaning.
[21] HNO 3 was not used for chemical Table 3 . Figure 8 . Influence of CFV on TSS rejection efficiency for tested 1, 2 and 500 kDa membranes.
cleaning because its use caused negative flux recovery (−33%). Some preliminary tests were conducted that involve the neutralization of mercerization wastewater, and the appearance of cellulose fibers was noticed. Raw wastewater contains dissolved cellulose fibers which are soluble in high alkaline solutions. [18] This could be the reason for the aforementioned negative flux decline recovery after acidic cleaning, and further investigation should be conducted.
Since these experiments were done with brand new membranes, buildup of chemically irreversible fouling occurred, which is obvious especially for 500 kDa Figure 9 . The influence of temperature on normalized permeate flux (J P /J P0 ) with temperature viscosity correction during the UF of mercerization wastewater using 1 and 500 kDa membranes at 3 m s −1 CFV and temperature of 20°C and 50°C. Among the washing trials, chemically enhanced backwash was tested and appeared to be unsuccessful, causing further decline of normalized flux. An effective cleaning strategy and pore cleaning mechanism are essential to maintain the initial flux values for 500 kDa membrane. Although caustic cleaning with NaOH solution is the most important cleaning agent, complete flux recovery could not be achieved without NaOCl and H 2 O 2 solutions.
Once chemically irreversible fouling formed, the CIP procedure could accomplish 100% flux recovery.
The 1 kDa membrane had lower irreversible fouling intensity effect and CIP was able to recover 87% of brand new normalized flux. This could be the consequence of the different adsorption and desorption mechanisms of the foulants based on different chemical compositions of the membrane active layer. [17] Table 5 represents the influence of temperature on fouling formation and removal for both membranes. It is obvious that the recovery of membrane flux was more effective at higher temperatures; therefore, temperature is an important operational tool when adopting a CIP strategy.
Energy consumption
For the purpose of energy consumption calculations, tangential flow UF tests using the 500 kDa ceramic membrane were conducted at different CFVs: 1, 2, 3 and 4 m s −1 at 20°C and the initial permeate flux of 100 L m −2 h −1 . Test results are presented in Table 6 .
As expected, the CFV affects energy consumption directly. At high initial permeate flux for the lowest CFV of 1 m , while for 2, 3 and 4 m s −1 it was 7, 22 and 44 times higher. When UF was conducted at a lower initial permeate flux, energy consumption per cubic meter of produced permeate was twice as higher for all tested CFVs. Energy consumption increase due the UF cycle was more intense at lower initial flux and for lower CFVs.
In the case of membrane MWCO, energy consumption for 1, 2 and 500 kDa membranes was 11.50, 8.64 and 3.78 kW h per cubic meter of produced permeate, respectively, for the CFV of 3 m s −1 and 20°C, as represented in Figure   10 . Based on the obtained results, energy consumption increased for the higher membrane MWCO.
Conclusions
UF with 1 kDa ceramic membrane could be successfully applied for mercerization wastewater treatment as Figure 10 . Energy consumption during tangential UF (E TF ) of mercerization wastewater using 1, 2 and 500 kDa ceramic membranes at 3 m s −1 CFV and T = 20°C.
significant removal of TSS (91.9%), turbidity (98.15%) and color (98.05%) could be achieved. It was found that lower MWCO membrane is less prone to fouling and less demanding for chemical cleaning needed to keep the performance satisfactory.
CFV appeared to be a strong tool to control fouling, whilst it had only a slight influence on the removal efficiencies.
Also, 500 kDa membranes seem not to be suitable for the mercerization wastewater pretreatment because of its highly expressed fouling and low TSS (54.4%) and TOC (20.2%) removal efficiency.
Energy consumption increases due to the UF cycle, but it could be controlled either by the CFV or by limiting the operational flux. Energy consumption also increases for the membranes with higher MWCO.
Since fouling of the ceramic membrane during mercerization wastewater treatment is unavoidable, the CIP procedure is crucial in order to achieve cost-effective separation.
Results represented in this study aim at defining an optimized treatment of mercerization wastewater that will finally allow the reclamation and reuse of sodium hydroxide and auxiliary chemicals (surfactants) in the textile industry. 
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